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INTRODUCTION 


Homologous  recombination  processes  are  mediated  by  genes  of  the  RAD52  epistasis 
group  (Paques  and  Haber,  1999;  Sung  et  al.,  2000).  Rad51  is  an  important  member  of  the 
RAD52  group  and  shows  significant  homology  to  the  E.  coli  recombinase  RecA.  Like 
RecA,  Rad51  is  capable  of  catalyzing  homologous  DNA  joint  formation  and  strand 
exchange  (Baumann  et  al.,  1996;  Sigurdsson  et  al.,  2001a).  In  addition  to  Rad51, 
mitotically  growing  vertebrate  cells  express  five  other  RecA  like  proteins  -  Rad51B, 
Rad51C,  Rad51D,  XRCC2  and  XRCC3.  The  five  Rad51  paralogs  are  important  for  DNA 
double  strand  break  repair  in  vertebrate  cells.  Cells  lines  mutated  for  the  Rad51  paralogs 
are  sensitive  to  X-rays  and  DNA  crosslinking  agents.  In  addition,  these  cell  lines  show 
chromosomal  instability  and  defect  in  Rad51  foci  formation  in  response  to  DNA 
damaging  agents  (Takata  et  al.,  2000  and  2001).  The  recombination  machinery  has  been 
implicated  in  suppression  of  tumor  formation  in  mammals.  Specifically,  the  tumor 
suppressor  BRCA2  binds  Rad51  directly  (Sharan  et  al.,  1997;  Wong  et  al.,  1997;  Chen  et 
al.,  1998)  and  DNA  double  strand  break  repair  is  influenced  both  by  BRCA1  and  BRCA2 
(Moynahan  et  al.,  1999  and  2001),  underscoring  the  importance  of  studying  the  function 
of  proteins  involved  in  the  repair  process. 

BODY 


The  tasks  in  the  approved  statement  of  work  have  already  been  accomplished  (Sigurdsson 
et  al.,  2001b-see  appendix).  Further  studies  have  been  aimed  at  characterizing  the 
interactions  between  Rad51C  and  Rad51B,  and  to  study  the  role  of  ATPase  activity  of  the 
two  proteins. 

Isolation  of  Rad51C  mutants  defective  for  interaction  with  Rad51B 

It  has  been  shown  previously  that  Rad51B  and  Rad51C  interact  in  the  yeast  two-hybrid 
system  (Schild  et  al.,  2000).  I  also  showed  that  the  two  proteins  interact  directly  and  the 
complex  seems  to  consist  of  equimolar  amounts  (Sigurdsson  et  al.,  2001b).  However,  the 
significance  of  these  protein-protein  interactions  is  still  unclear.  In  order  to  study  this 
important  question  it  is  necessary  to  identify  mutants  of  these  Rad5 1  paralogs  that  are 
defective  in  interaction  with  one  another.  To  isolate  mutants,  two-hybrid  based  screening 
system  was  used  as  described  by  Krejci  et  al  (2001).  In  this  system,  plasmids  used  in  the 
two-hybrid  analysis  of  protein-protein  interactions  are  passaged  through  E.  coli  strain 
GM4708,  containing  mutD5  mutation  that  inactivates  the  3’  to  5’  exonuclease 
proofreading  activity  of  DNA  polymerase  III  and  therefore  makes  this  strain  highly 
mutagenic.  A  subsequent  two-hybrid  test  of  the  mutagenized  plasmid  collections  then 
identifies  mutants  that  have  lost  the  ability  to  interact  (Figure  1).  By  using  this  method, 
two  Rad51C  mutants  that  show  altered  interactions  with  Rad51B  have  been  identified. 
The  first  mutant  (T86A)  contains  the  mutation  in  a  region  of  Rad5 1C  that  is  not  shared  by 
the  other  paralogs.  The  second  mutant  isolated  (G128D)  has  the  mutation  in  the  Walker 
type  A  motif  (see  below).  I  am  currently  subcloning  these  mutants  into  baculoviral 
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expression  vectors  for  protein  expression.  By 
using  direct  biochemical  means,  including 
affinity  binding  to  nickel-NTA  agarose  and 
immunoprecipitation  I  will  verify  that  the  two 
Rad51C  mutants  are  indeed  defective  in 
interactions  with  Rad51B.  Once  verified,  the 
purified  Rad51C  protein  will  be  used  for 
biochemical  assays. 

Figure  1.  Mutant  isolation.  Rad51C  in  a  plasmid  used 
in  yeast  two-hybrid  studies  is  subjected  to  in  vivo 
mutagenesis  in  E.  coli  GM4704.  The  mutagenized 
plasmid  collection  is  introduced  into  a  MATa  tester  yeast 
strain,  which  is  then  mated  to  MATa  tester  strains 
containing  Rad51B  in  a  plasmid  used  for  two-hybrid 
interaction.  Variants  of  the  mutagenized  Rad51C  that  fail 
to  bind  Rad51B  are  then  selected  as  clones  that  fail  to 
grow  on  the  appropriate  omission  media  because  of  the 
lack  of  two-hybrid  interactions. 


Role  of  ATP  hydrolysis  by  Rad51B  and  Rad51C 

Like  all  RecA  like  proteins,  both  Rad51B  and  Rad51C  contain  Walker  type  motifs 
important  for  nucleotide  binding  and  hydrolysis  (Figure  2).  However,  the  role  of  ATP 
binding  and  hydrolysis  by  these  proteins  is  currently  unknown.  Mutational  studies  using 
variety  of  proteins  capable  of  binding  and  hydrolyzing  ATP  have  indicated  that  mutation 
of  the  highly  conserved  lysine  residue  in  the  Walker  type  A  nucleotide  binding  motif  to 
alanine  abolishes  the  ability  to  bind  ATP  (Sung,  1987;  Sung  and  Stratton,  1995),  but  the 
change  of  this  conserved  lysine  residue  to  arginine  greatly  attenuates  the  ATP  hydrolytic 
activity  but  still  permits  the  binding  of  ATP  (Sung  and  Stratton,  1995).  By  using  site- 
directed  mutagenesis,  I  have  generated  mutant  variants  of  both  Rad51B  and  Rad51C  that 
lack  the  ability  to  bind  ATP  (lysine  to  alanine  change)  or  are  defective  in  ATP  hydrolysis 
(lysine  to  arginine  change).  These  mutants  have  already  been  sequenced  to  confirm  the 
mutations  and  to  ensure  that  other  mutations  were  not  generated.  I  am  currently 
subcloning  these  mutants  into  both  baculoviral  and  yeast  vectors  and  the  mutant  proteins 
or  will  be  purified  to  near  homogeneity  and  studied  biochemically. 

Rad51B  Rad51C  Figure  2.  The  Walker  A  motif  in  Rad51B  and 

Rad51C.  The  Walker  type  A  consensus  sequence 
responsible  for  nucleotide  binding  is  displayed  on 

GPPGCGKTQFC  GAPGVGKTQLC  bottom. 

A  A 

Ala  Arg  Ala  Arg 

Walker  A  Motif:  GxGKT 
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APPENDED  INFORMATION 

(1)  Key  Research  Accomplishments  to  date 

•  Isolated  two  Rad5 1 C  mutants  defective  for  interaction  with  Rad5 1 B 

•  Mutated  the  Walker  type  A  box  in  Rad5 1 C  and  Rad5 1 B 

(2)  Reportable  Outcomes 

•  Poster  presentation  at  the  Era  of  Hope  Department  of  Defense  Breast  Cancer 
Research  Program  Meeting,  Orlando  Florida,  September  2002.  Title  of 
Presentation:  “The  human  Rad51B-Rad51C  complex  acts  as  a  mediator  of 
Rad51/RPA-catalyzed  DNA  stand  exchange”. 

•  Ph.D  thesis.  University  of  Texas  Health  Science  Center  at  San  Antonio, 
Department  of  Molecular  Medicine/Institute  of  Biotechnology,  April  2003.  Title: 
“Mechanism  of  human  recombination  factors”. 

•  Ph.D  thesis  defense  at  the  University  of  Texas  Health  Science  Center  at  San 
Antonio,  Department  of  Molecular  Medicine/Institute  of  Biotechnology,  April 
2003.  Title  of  Presentation:  “Mechanism  of  human  recombination  factors”. 

•  Ph.D  awarded  in  April  2003. 
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Mediator  function  of  the  human 
Rad51B-Rad51C  complex 
in  Rad51/RPA-catalyzed  DNA 
strand  exchange 

Stefan  Sigurdsson,1  Stephen  Van  Komen,1  Wendy  Bussen,1  David  Schild,2  Joanna  S.  Albala,3 
and  Patrick  Sung1'4 

department  of  Molecular  Medicine/Institute  of  Biotechnology,  University  of  Texas  Health  Science  Center  at  San  Antonio, 
San  Antonio,  Texas  78245-3207,  USA;  2Life  Science  Division,  Lawrence  Berkeley  National  Laboratory,  Berkeley, 

California  94720,  USA;  3Biology  and  Biotechnology  Research  Program,  Lawrence  Livermore  National  Laboratory, 

Livermore,  California  94551-0808,  USA 


Five  Rad5 1-like  proteins,  referred  to  as  Rad51  paralogs,  have  been  described  in  vertebrates.  We  show  that  two 
of  them,  RadS  IB  and  Rad51C,  are  associated  in  a  stable  complex.  RadSIB-RadSIC  complex  has  ssDNA 
binding  and  ssDNA-stimulated  ATPase  activities.  We  also  examined  the  functional  interaction  of 
Rad51B-Rad51C  with  RadSl  and  RPA.  Even  though  RPA  enhances  Rad51 -catalyzed  DNA  joint  formation  via 
removal  of  secondary  structure  in  the  ssDNA  substrate,  it  can  also  compete  with  Rad51  for  binding  to  the 
substrate,  leading  to  suppressed  reaction  efficiency.  The  competition  by  RPA  for  substrate  binding  can  be 
partially  alleviated  by  Rad51B-Rad51C.  This  recombination  mediator  function  of  Rad51B-Rad51C  is  likely 
required  for  the  assembly  of  the  RadSl-ssDNA  nucleoprotein  filament  in  vivo. 

[Key  Words:  DNA  double-strand  break  repair;  tumor  suppression] 

Received  August  7,  200 1;  revised  version  accepted  October  17,  2001. 


Studies  in  Saccharomyces  cerevisiae  have  identified  a 
large  number  of  genetic  loci  required  for  mitotic  and  mei- 
otic  recombination.  These  genes,  comprising  RAD 50, 
RAD51,  RAD52,  RAD54,  RAD55 ,  RAD57,  RAD 59, 
RDH54/TID1,  MRE11,  and  XRS2  are  collectively  known 
as  the  RAD52  epistasis  group.  The  RAD52  group  of 
genes  are  also  intimately  involved  in  the  repair  of  DNA 
double-strand  breaks  induced  by  exogenous  agents  such 
as  ionizing  radiation  (Paques  and  Haber  1999;  Sung  et  al. 
2000)  and  for  telomere  maintenance  in  the  absence  of 
telomerase. 

Cloning,  genetic,  and  biochemical  studies  have  indi¬ 
cated  that  the  structure  and  function  of  the  RAD52 
group  genes  are  highly  conserved  among  eukaryotes, 
from  yeast  to  humans  (Sung  et  al.  2000;  Thompson  and 
Schild  2001).  Interestingly,  in  mammals,  the  efficiency 
of  recombination  and  DNA  double-strand  break  repair  is 
contingent  upon  the  integrity  of  the  tumor  suppressors 
BRCA1  and  BRCA2  (Dasika  et  al.  1999;  Moynahan  et  al. 
1999,  2001;  Thompson  and  Schild  2001),  underscoring 
the  importance  for  deciphering  the  mechanistic  basis  of 
the  recombination  machinery. 

Corresponding  author. 

E-MAIL  sung@uthscsa.edu;  FAX  (210)  567-7277. 

Article  and  publication  are  at  http://www.genesdev.org/cgi/doi/10.1101/ 
gad.935501. 


In  recombination  processes  that  involve  the  formation 
of  a  DNA  double-strand  break,  the  ends  of  the  DNA 
break  are  processed  to  yield  single-stranded  DNA  tails. 
These  DNA  tails  are  utilized  by  the  RAD52  group  re¬ 
combination  factors  for  the  formation  of  DNA  joints 
with  a  homologous  DNA  template,  contained  within  the 
sister  chromatid  or  the  chromosomal  homolog.  The  na¬ 
scent  DNA  joints  are  then  extended  in  length  by  branch 
migration,  followed  by  resolution  of  DNA  intermediates 
to  complete  the  recombination  process  (Paques  and 
Haber  1999;  Sung  et  al.  2000). 

The  RAD51  encoded  product  is  the  functional  homo¬ 
log  of  Escherichia  coli  RecA  protein,  and  like  RecA,  pos¬ 
sesses  the  ability  to  promote  the  homologous  DNA  pair¬ 
ing  and  strand  exchange  reaction  that  forms  heterodu¬ 
plex  DNA  joints.  In  mediating  homologous  DNA  pairing 
and  strand  exchange,  RadSl  must  first  assemble  onto 
ssDNA  as  a  nucleoprotein  filament,  in  which  the  DNA 
is  held  in  a  highly  extended  conformation  (Ogawa  et  al. 
1993;  Benson  et  al.  1994;  Sung  and  Robberson  1995).  As¬ 
sembly  of  the  RadSl -ssDNA  nucleoprotein  filament  is 
rate-limiting  and  strongly  inhibited  by  secondary  struc¬ 
ture  in  the  ssDNA  template.  The  removal  of  secondary 
structure  can  be  effected  by  the  single-strand  DNA  bind¬ 
ing  protein  RPA,  which  has  proved  to  be  indispensable 
for  homologous  DNA  pairing  and  strand  exchange  effi- 
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ciency,  especially  when  a  plasmid-length  ssDNA  tem¬ 
plate  is  used  as  the  initiating  substrate  (Sung  et  al.  2000; 
Sigurdsson  et  al.  2001). 

Even  though  RPA  is  an  important  accessory  factor  for 
Rad51 -mediated  homologous  DNA  pairing  and  strand 
exchange,  it  can  also  compete  with  RadSl  for  binding 
sites  on  the  ssDNA  template,  which,  when  allowed  to 
occur,  suppresses  pairing  and  strand  exchange  efficiency 
markedly  (Sung  et  al.  2000).  Here  we  demonstrate  that 
the  stoichiometric  complex  of  the  human  RadSIB  and 
Rad51C  proteins,  homologs  of  the  S.  cerevisiae  Rad55 
and  Rad57  proteins  (Sung  et  al.  2000),  can  partially  over¬ 
come  the  suppressive  effect  of  hRPA  on  hRad51 -cata¬ 
lyzed  DNA  pairing  and  strand  exchange,  thus  identifying 
the  Rad51B-Rad51C  complex  as  a  mediator  of  recombi¬ 
nation. 


Results 

RadSIB  and  RadSIC  are  associated  in  a  stable  complex 

Because  RadSIB  and  Rad51C  interact  in  two-hybrid 
studies  (Schild  et  al.  2000),  we  wished  to  address  whether 
they  are  associated  in  human  cells.  For  detecting  Rad51B 
and  RadSIC,  we  raised  antibodies  against  these  proteins 
expressed  in  E.  coli  and  purified  from  inclusion  bodies  by 
preparative  SDS-PAGE.  The  specificity  of  the  anti- 
Rad51B  and  anti-RadSIC  antibodies  is  shown  in  Figure 
1A,  in  the  left  and  right  panels,  in  which  extracts  from 
yeast  cells  harboring  the  empty  protein  expression  vec¬ 
tor  and  plasmids  expressing  Rad51B  and  Rad51C  were 
probed  with  the  antibodies.  A  single  40-kD  RadSIB  and 
42-kD  RadSIC  species  was  detected.  The  observed  sizes 


of  Rad51B  and  RadSIC  are  in  good  agreement  with  the 
predicted  values  of  39  kD  for  Rad51B  and  42  kD  for 
RadSIC.  Furthermore,  RadSIB  and  RadSIC  endogenous 
to  human  HeLa  cells  have  the  same  gel  sizes  as  proteins 
expressed  in  yeast  cells  (see  below).  In  both  the  immu- 
noblot  analysis  (Fig.  1A)  and  immunoprecipitation  (data 
not  shown),  the  anti-Rad5 IB  antibodies  did  not  cross- 
react  with  RadSIC  protein,  nor  did  the  anti-RadSIC  an¬ 
tibodies  cross-react  with  Rad51B  protein. 

To  identify  RadSIB  and  RadSIC  endogenous  to  human 
cells,  an  extract  from  HeLa  cells  was  fractionated  in  a  Q 
Sepharose  column,  and  the  column  fractions  were  sub¬ 
jected  to  immunoblotting  analysis.  In  this  analysis,  we 
used  extracts  from  yeast  cells  expressing  Rad51B  and 
RadSIC  (Fig.  IB,  lane  10  in  both  panels)  to  aid  in  the 
identification  of  the  endogenous  proteins.  The  results 
(Fig.  IB)  showed  that  RadSIB  and  RadSIC  coeluted  from 
Q  Sepharose  precisely,  from  fractions  8  to  16.  To  inves¬ 
tigate  whether  RadSIB  and  RadSIC  in  the  Q  Sepharose 
fractions  were  stably  associated,  we  examined  whether 
they  could  be  coimmunoprecipitated.  As  shown  in  Fig¬ 
ure  1C,  anti-Rad51B  antibodies  precipitated  not  only 
RadSIB,  but  also  RadSIC.  Similarly,  Rad51B  coprecipi¬ 
tated  with  Rad51C  in  the  anti-Rad51C  immunoprecipi¬ 
tation  (Fig.  1C).  Importantly,  the  quantity  of  Rad51B  and 
RadSIC  that  coprecipitated  with  the  other  protein  was 
similar  to  the  amount  of  these  proteins  precipitated  by 
their  cognate  antibodies,  suggesting  that  Rad51B  and 
RadSIC  in  the  Q  column  fractions  were  associated  as  a 
stable  complex.  Neither  RadSIB  nor  Rad51C  was  pre¬ 
cipitated  by  control  antibodies  raised  against  yeast  Srs2 
protein  (Fig.  1C).  Rad51C  also  forms  a  complex  with 
XRCC3  (Schild  et  al.  2000;  Kurumizaka  et  al.  2001;  Mas- 
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Figure  1.  RadS  1 B  and  Rad5 1C  form  a  stable  com¬ 
plex.  (A)  Specificity  of  antibodies.  Yeast  cells  har¬ 
boring  the  empty  expression  vector  pPM231  (2p, 
GAL-PGK ;  lane  1),  the  Rad51B  expression  plasmid 
pRSIB.l  (2ju,  GAL-PGK-RAD51B }  lane  2),  and  the 
RadSIC  expression  plasmid  pR51C.l  [2p,  PGK- 
RAD51C ;  lane  3)  were  run  in  an  11%  polyacryl¬ 
amide  gel  and  then  subjected  to  immunoblot 
analysis  with  either  anti-Rad51B  (aRadSIB;  left 
panel)  or  anti-RadSIC  antibodies  (aRadSIC;  right 
panel).  [B)  Rad51B  and  Rad51C  are  associated  in  a 
complex  in  human  cells.  HeLa  cell  extract  was 
fractionated  in  a  Q  Sepharose  column,  and  the  in¬ 
dicated  fractions  were  run  in  an  1 1  %  gel  and  then 
subjected  to  immunoblot  analysis  with  anti- 
RadSlB  antibodies  (a -RadSIB;  left  panel)  or  anti- 
Rad51C  antibodies  (a-Rad51C;  right  panel).  Yeast 
extracts  containing  RadSIB  (lane  10  in  left  panel, 
marked  M)  or  Rad51C  (lane  10  in  right  panel, 
marked  M)  were  used  to  help  identify  these  pro¬ 
teins  in  the  Q  column  fractions.  (C)  Coimmuno- 
precipitation  of  Rad51B  and  RadSIC  from  the  Q 
column  fractions.  The  Q  Sepharose  pool  (fractions 
8-16)  was  subjected  to  immunoprecipitation  with 
protein  A  beads  containing  anti-ySrs2  antibodies 


(a-SRS2),  anti-Rad51B  antibodies  (a-R51B)  and  anti-RadSIC  antibodies  (a-R51C).  Proteins  bound  to  the  various  immunobeads  were 
eluted  by  SDS  treatment  and  analyzed  for  their  content  of  Rad51B  [left  panel)  and  Rad51C  ( right  panel). 
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son  et  al.  2001),  and  it  remains  possible  that  a  portion  of 
Rad5 1C  in  the  Q  Sepharose  fractions  was  bound  to 
XRCC3  or  that  the  XRCC3-Rad51C  complex  was  not 
retained  on  the  Q  column. 

The  results  above  indicated  that  RadSIB  and  RadSIC 
are  associated  in  a  stable  complex  in  HeLa  cell  extract, 
but  they  could  not  address  whether  association  of  these 
two  proteins  was  due  to  direct  interaction  between  them 
or  whether  an  intermediary  is  required.  To  determine 
whether  Rad51B  and  Rad51C  interact  directly,  we  car¬ 
ried  out  immunoprecipitation  using  extracts  from  yeast 
cells  that  expressed  these  two  factors.  As  expected, 
Rad51B  and  Rad51C  were  precipitated  by  their  cognate 
antibodies  but  not  by  antibodies  specific  for  the  other 
protein  (data  not  shown).  Importantly,  upon  mixing  of 
the  extracts  containing  Rad51B  and  RadSIC,  coprecipi¬ 
tation  of  the  two  proteins  occurred  (data  not  shown). 
Direct  interaction  between  Rad51B  and  RadSIC  was 
demonstrated  another  way.  In  this  case,  we  constructed 
recombinant  baculoviruses  that  encoded  a  six-histidine- 
tagged  form  of  RadSIB  and  an  untagged  form  of  RadSIC. 
The  expression  of  Rad51B  and  Rad51C  in  insect  cells 
infected  separately  with  these  baculoviruses  was  verified 
by  immunoblotting  (Fig.  2A).  Because  Rad51B  was 
tagged  with  a  six-histidine  sequence,  we  could  in  this 
instance  use  affinity  binding  of  the  six-histidine  tag  to 
nickel-NTA  agarose  as  criterion  for  protein-protein  in¬ 
teraction  when  extracts  were  mixed.  As  summarized  in 
Figure  2B,  untagged  RadSIC  alone  did  not  bind  the 
nickel  matrix,  whereas  a  significant  portion  of  it  was 
retained  on  the  affinity  matrix  in  the  presence  of  six- 
histidine-tagged  Rad51B.  Taken  together,  these  results 
made  it  clear  that  Rad51B  and  RadSIC  form  a  stable 
complex  via  direct  interaction.  The  results  presented  be¬ 
low  further  indicated  that  the  complex  of  RadSIB  and 
RadSIC  is  highly  stable,  and  contains  stoichiometric 
amounts  of  the  two  proteins. 

RadSIC  expressed  in  insect  cells  consists  of  two 
closely  spaced  species  (Fig.  2A,B),  with  the  top  band  hav¬ 
ing  the  same  gel  mobility  as  RadS  1C  seen  in  extract  from 
HeLa  cells  or  yeast  cells  expressing  this  protein  (data  not 
shown).  The  slower  migrating  species  of  the  two  Rad51C 
immunoreactive  bands  is  likely  full-size  Rad51C, 
whereas  the  faster  migrating  form,  which  represents 
-60%  of  the  total  Rad51C  amount,  could  be  a  proteolytic 
product  or  the  result  of  an  aberrant  expression  in  insect 
cells. 


Expression  and  purification  of  the  Rad51B-Rad51C 
complex 

We  used  insect  cells  as  the  medium  for  the  purification 
of  the  Rad51B-Rad51C  complex  for  the  following  two 
reasons:  (1)  much  larger  amounts  of  Rad51B-Rad51C 
complex  can  be  obtained  from  insect  cells  infected  with 
the  recombinant  baculoviruses  than  from  HeLa  cell  ex¬ 
tract  or  yeast  cells  harboring  the  RadSIB  and  Rad51C 
expression  plasmids,  and  (2)  the  six-histidine  tag  engi¬ 
neered  in  the  recombinant  RadSIB  baculovirus  allowed 
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Figure  2.  Purification  of  RadS  1 B  and  RadS  1 C  from  insect  cells. 
( A )  Expression  of  six-histidine-tagged  Rad51B  and  RadSIC  in 
insect  cells.  Nitrocellulose  blots  containing  extracts  from  in¬ 
sect  cells  without  any  baculovirus  (lane  3  of  both  panels) 
and  infected  with  the  recombinant  6His-tagged  Rad51B  baculo¬ 
virus  (lane  1  of  both  panels)  or  Rad51C  baculovirus  (lane  2  of 
both  panels)  were  probed  with  either  anti-Rad51B  antibodies 
(aRad51B;  left  panel)  or  anti-Rad5IC  antibodies  (aRadSIC;  right 
panel).  (B)  Complex  formation  between  6His-tagged  RadSIB  and 
Rad51C.  Extracts  from  insect  cells  expressing  6His-tagged 
Rad51B  (RadSIB),  Rad51C  (Rad51C),.  and  the  mixture  of  these 
extracts  (Rad51B-Rad51C)  were  incubated  with  nickel-NTA 
agarose  beads,  which  were  washed  with  10  mM,  20  mM,  and 
then  with  150  mM  imadazole.  The  starting  fractions  (St),  the 
supernatants  containing  unbound  proteins  (Sup),  the  10  mM 
(Wl)  and  20  mM  (W2)  imidazole  washes,  and  the  150  mM  im¬ 
idazole  eluate  (E)  were  subjected  to  immunoblotting  to  deter¬ 
mine  their  content  of  RadSIB  ( upper  panel)  and  Rad51C  [lower 
panel).  (C)  Purification  scheme  for  Rad51B-Rad51C  complex. 
(D)  Purity  analysis.  The  purified  Rad51B-Rad51C  complex,  1.5 
pg  in  lane  2,  was  run  alongside  molecular  size  markers  (lane  1 ) 
in  an  1 1  %  denaturing  polyacrylamide  gel  and  stained  with  Coo- 
massie  blue. 
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us  to  use  nickel-NTA  agarose  as  an  affinity  step  to  fa¬ 
cilitate  the  purification  of  this  complex. 

We  initially  attempted  to  purify  RadSIB  and  RadSIC 
individually,  but  our  efforts  were  hampered  by  the  com¬ 
plications  that  a  significant  portion  (>75%)  of  these  two 
proteins  was  insoluble  and  the  soluble  portion  gave 
broad  peaks  during  chromatographic  fractionation  pro¬ 
cedures.  To  determine  whether  the  Rad51B-Rad51C 
complex  might  be  more  amenable  to  purification  than 
the  individual  components,  we  coinfected  the  Rad51B 
and  RadSIC  recombinant  baculoviruses  into  insect  cells. 
Interestingly,  coexpression  of  RadSIB  and  RadSIC  im¬ 
proved  the  solubility  of  these  two  proteins,  even  though 
the  overall  protein  amounts  in  the  infected  insect  cells 
remained  relatively  unchanged  (data  not  shown).  Impor¬ 
tantly,  the  RadSIB-RadSIC  complex  eluted  from  various 
chromatographic  matrices  as  relatively  well  defined 
peaks,  thus  enabling  us  to  obtain  substantial  purification 
of  the  complex.  Through  many  small-scale  trials,  a  pro¬ 
cedure  was  devised  to  encompass  fractionation  of  insect 
cell  extract  containing  the  Rad51B-Rad51C  complex  in 
SP  Sepharose,  Q  Sepharose,  Hydroxyapatite,  Mono  Q, 
and  affinity  chromatography  on  nickel-NTA  agarose 
(Fig.  2C)  to  purify  this  complex  to  near  homogeneity  (Fig. 
2D).  Stoichiometric  amounts  of  RadSIB  and  RadSIC  co¬ 
fractionated  during  the  entire  purification  procedure,  in¬ 
dicating  a  high  degree  of  stability  of  the  complex.  Using 
the  aforementioned  purification  protocol,  we  could  ob¬ 
tain  about  100  pg  of  RadSIB-RadSIC  complex  from  one 
liter  of  insect  cell  culture.  Three  independent  prepara¬ 
tions  of  RadSIB-RadSIC  complex  gave  similar  results  in 
the  experiments  described  below. 


RadSIB-RadSIC  complex  binds  DNA 
and  hydrolyzes  ATP 

Because  RadSIB  and  RadSIC  are  involved  in  recombina¬ 
tion,  we  tested  the  purified  Rad51B-Rad51C  complex  for 
binding  to  DNA.  For  this,  an  increasing  amount  of 
Rad51B-Rad51C  complex  was  incubated  with  either  <j>X 
ssDNA  or  dsDNA.  The  reaction  mixtures  were  run  in 
agarose  gels,  followed  by  staining  with  ethidium  bro¬ 
mide  to  detect  shifting  of  the  DNA  species.  As  shown  in 
Figure  3A,  while  clear  shifting  of  the  ssDNA  occurred  at 
the  lowest  Rad51B-Rad51C  concentration  of  0.15  pM 
(DNA  to  protein  ratio  of  80  nucleotides/protein  com¬ 
plex,-  see  lane  2  of  panel  I),  no  shifting  of  the  dsDNA  was 
seen  until  the  Rad51B-Rad51C  concentration  reached 
0.6  pM  (7  base  pairs/protein  complex;  see  lane  5  of  panel 

II) .  These  observations  suggested  that  Rad51B-Rad51C 
complex  binds  ssDNA  readily  but  has  a  lower  affinity  for 
dsDNA.  To  validate  this  conclusion,  we  repeated  the 
DNA  binding  experiment  by  coincubating  the  ssDNA 
and  dsDNA  with  the  same  concentration  range  of 
Rad51B-Rad51C  used  before.  The  results  (Fig.  3 A,  panel 

III)  revealed  that  Rad51B-Rad51C  complex  preferentially 
shifted  the  ssDNA  without  binding  significantly  to  the 
dsDNA.  In  these  experiments,  ATP  was  included  in  the 
buffer  used  for  the  binding  reaction,  but  the  exclusion  of 
ATP  or  its  substitution  with  the  nonhydrolyzable  ATP- 
y-S  did  not  affect  the  binding  results  appreciably  (data 
not  shown).  Taken  together,  these  findings  led  us  to  con¬ 
clude  that  the  RadSIB-RadSIC  complex  binds  ssDNA 
preferentially.  We  also  examined  ssDNA  binding  by 
Rad51B-Rad51C  as  a  function  of  the  ionic  strength.  To 
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Figure  3.  Rad5 1  B~Rad5 1 C  binds  DNA  and  hy¬ 
drolyzes  ATP.  (A)  Rad51B-Rad51C  complex 
(0.15,  0.3,  0.45,  0.6,  0.75,  and  0.9  pM  in  lanes 
2-7,  respectively)  was  incubated  with  <|>X 
ssDNA  (12  pM  nucleotides  in  panel  I}  desig¬ 
nated  as  ss),  4>X  dsDNA  (4  pM  base  pair  in  panel 
//;  designated  as  ds),  or  with  both  the  ssDNA 
and  dsDNA  (panel  III)  for  10  min  at  37°C  and 
then  run  in  a  0.9%  agarose  gel.  The  DNA  spe¬ 
cies  were  stained  with  ethidium  bromide.  In 
lane  8  of  all  three  panels,  the  nucleoprotein 
complex  formed  with  0.9  pM  of  RadSIB- 
RadSIC  complex  was  treated  with  0.5%  SDS 
and  500  pg/mL  proteinase  K  at  37°C  for  5  min 
before  loading  onto  the  agarose  gel.  In  lane  1  of 
all  three  panels,  DNA  was  incubated  in  buffer 
without  protein.  In  panel  IV,  Rad51B-Rad51C 
complex  (0.3  pM)  was  incubated  with  ssDNA 
(12  pM  nucleotides)  in  the  presence  of  increas¬ 
ing  concentrations  (50,  100,  150,  200,  and  250 
mM  in  lanes  2-6,  respectively)  of  KC1  at  37°C 
for  10  min  and  then  analyzed.  (B)  RadSIB- 
RadSIC,  1.8  pM,  was  incubated  with  1  mM 
ATP  in  the  absence  of  DNA  (designated  by  the 
squares)  and  in  the  presence  of  ssDNA  (20  pM 
nucleotides,*  designated  by  the  triangles)  or 
dsDNA  (20  pM  base  pairs;  designated  by  the 
closed  circles)  for  the  indicated  times  at  37°C. 
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do  this,  a  fixed  quantity  of  Rad51B-Rad51C  complex  (0.3 
pM)  was  incubated  with  the  ssDNA  (12  pM  nucleotides) 
in  the  presence  of  increasing  concentrations  (50,  100, 
150,  200,  and  250  mM)  of  KC1.  The  results  (Fig.  3  A,  panel 
IV)  showed  that  ssDNA  binding  was  not  diminished  sig¬ 
nificantly  by  even  the  highest  concentration  of  KC1  (250 
mM),  indicating  a  high  degree  of  avidity  of  Rad51B- 
Rad51C  complex  for  the  DNA. 

Both  Rad51B  and  RadSIC  contain  Walker  ATP  binding 
motifs,  suggestive  of  an  ability  to  bind  and  hydrolyze 
ATP  (Sung  et  al.  2000;  Thompson  and  Schild  2001).  For 
this  reason,  we  examined  the  purified  Rad51B-Rad51C 
complex  for  ATPase  activity.  As  shown  in  Figure  3B, 
Rad51B-Rad51C  complex  possesses  an  ATP  hydrolytic 
activity  that  is  stimulated  by  DNA.  Reproducibly, 
ssDNA  was  more  effective  at  stimulating  ATP  hydroly¬ 
sis  than  was  dsDNA.  The  kcat  values  for  the  Rad51B- 
Rad51C  ATPase  were  found  to  be  0.15/min  in  the  ab¬ 


sence  of  DNA,  and  0. 19/min  and  0.3/min  in  the  presence 
of  dsDNA  and  ssDNA,  respectively. 

Effects  of  RPA  on  Rad51 -mediated  DNA  joint  formation 

Human  Rad51  (hRadSl )  can  make  joints  between  ho¬ 
mologous  single-stranded  and  double-stranded  DNA 
molecules,  but  was  thought  to  have  only  limited  DNA 
strand  exchange  activity  (Baumann  and  West  1997,  1999; 
Gupta  et  al.  1997).  We  recently  described  a  DNA  strand 
exchange  system  (Fig.  4A)  wherein  hRadSl  mediates  a 
substantial  amount  of  DNA  strand  exchange  (Sigurdsson 
et  al.  2001).  In  this  new  system,  the  efficiency  of  homolo¬ 
gous  DNA  pairing  and  strand  exchange  is  strongly  de¬ 
pendent  on  the  heterotrimeric  ssDNA  binding  factor 
RPA.  To  assemble  the  reaction,  hRad51  is  preincubated 
with  circular  ssDNA  at  the  optimal  ratio  of  4  nucleo¬ 
tides  per  protein  monomer,  followed  by  the  addition  of 


Figure  4.  Mediator  function  of  Rad51B- 
Rad51C.  (A)  Schematic  of  the  homologous 
DNA  pairing  and  strand  exchange  reaction 
using  <|>X174  DNA  substrates.  Linear  duplex 
is  paired  with  the  homologous  ssDNA  circle 
to  yield  a  joint  molecule.  DNA  strand  ex¬ 
change,  if  successful  over  the  length  (5.4  kb) 
of  the  DNA  molecules,  results  in  the  forma¬ 
tion  of  the  nicked  circular  duplex.  [B]  RadSl- 
mediated  DNA  pairing  and  strand  exchange 
was  carried  out  with  RPA  (panel  I)  or  without 
it  (panel  //).  In  panel  I,  the  ssDNA  was  prein¬ 
cubated  with  Rad51  (R51)  before  RPA  was 
added.  The  concentrations  of  the  reaction 
components  were:  Rad51,  7.5  pM;  RPA,  1.5 
pM;  ssDNA,  30  pM  nucleotides,-  linear  du¬ 
plex,  15  pM  base  pairs.  (C)  In  the  DNA  strand 
exchange  reaction  in  panel  I,  the  ssDNA  was 
incubated  with  both  Rad51  (R51)  and  RPA  si¬ 
multaneously,  and  in  the  reaction  in  panel  II, 
the  ssDNA  was  incubated  with  Rad51,  RPA 
and  Rad51B-Rad51C  (B-C)  simultaneously. 
The  concentration  of  Rad51B-Rad51C  was 
0.8  pM,  while  the  concentrations  of  the  other 
components  were  exactly  as  those  in  B.  In 
panel  III,  the  amounts  of  nicked  circular  du¬ 
plex  in  the  reactions  represented  in  B  panel  I 
(filled  squares)  and  panel  II  (open  circles)  and 
in  C  panel  I  (filled  circles)  and  panel  II  (open 
squares)  are  plotted.  In  panel  IV,  the  amounts 
of  total  reaction  products  (sum  of  joint  mol¬ 
ecules  and  nicked  circular  duplex)  in  the 
reactions  represented  in  B  panel  I  (filled 
squares)  and  panel  II  (open  circles)  and  in  C 
panel  I  (filled  circles)  and  panel  II  (open 
squares)  are  plotted. 
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hRPA  at  20  nucleotides  per  protein  monomer  and  the 
homologous  linear  duplex  substrate  (Fig.  4A).  The  reac¬ 
tion  products,  that  is,  joint  molecules  and  nicked  circu¬ 
lar  duplex  (Fig.  4A),  are  separated  from  the  input  sub¬ 
strates  by  agarose  gel  electrophoresis  and  visualized  by 
staining  with  ethidium  bromide.  An  example  of  this  re¬ 
action  is  shown  in  Figure  4B,  panel  I.  As  reported  earlier 
(Sigurdsson  et  al.  2001)  and  reiterated  here,  omission  of 
RPA  from  the  reaction  reduced  the  amount  of  products 
markedly  (Fig.  4B,  panel  II).  Importantly,  little  or  no 
nicked  circular  duplex,  the  product  of  full  strand  ex¬ 
change,  was  generated  in  the  reaction  that  did  not  con¬ 
tain  RPA  (Fig.  4B,  panel  II). 

Interestingly,  coaddition  of  RPA  with  Rad51  to  the 
ssDNA  to  mimic  what  may  be  expected  to  occur  in  vivo 
resulted  in  a  marked  reduction  in  reaction  efficiency 
(Fig.  4C,  panels  I,  III,  and  IV).  Specifically,  while  -38% 
and  -56%  of  the  input  linear  duplex  substrate  had  been 
converted  into  nicked  circular  duplex  after  40  min  and 
60  min  in  the  standard  reaction  (Fig.  4B,  panel  I  and  4C, 
panel  III),  coaddition  of  hRPA  with  hRad51  to  the 
ssDNA  yielded  only  5%  and  9%  of  nicked  circular 
duplex  after  these  reaction  time  (Fig.  4C,  panels  I  and  III). 
In  the  homologous  DNA  pairing  and  strand  exchange 
reaction  mediated  by  E.  coli  RecA  or  yeast  Rad51,  SSB/ 
yRPA  added  to  the  ssDNA  template  before  or  at  the 
same  time  as  the  recombinase  causes  a  notable  sup¬ 
pression  of  the  reaction  as  well  (Umezu  et  al.  1993; 
Sung  1997a,-  New  et  al.  1998;  Shinohara  and  Ogawa 
1998).  In  these  cases,  suppression  of  the  reaction  effi¬ 
ciency  by  SSB/yRPA  is  due  to  competition  of  these 
ssDNA  binding  factors  with  RecA/yRad51  for  sites  on 
the  ssDNA  template.  Based  on  the  paradigm  established 
with  the  E.  coli  and  yeast  recombination  systems  (Bianco 
et  al.  1998;  Sung  et  al.  2000),  we  also  attribute  the  sup¬ 
pression  of  hRadSl -mediated  DNA  pairing  and  strand 
exchange  by  hRPA  to  the  exclusion  of  hRad5 1  from  the 
ssDNA  template. 

Rad51B-Rad51C  complex  has  a  presynaptic 
mediator  function 

Rad51B  and  Rad51C  are  both  required  for  recombination 
and  DNA  double-strand  break  repair  in  vivo.  In  chicken 
DT40  cells  deleted  for  either  RadSIB  or  RadSIC,  the  as¬ 
sembly  of  Rad51  nuclear  foci  in  response  to  DNA  dam¬ 
age  is  compromised  (Takata  et  al.  2000,  2001).  Based  on 
these  results,  we  wished  to  test  whether  RadSlB- 
Rad51C  could  promote  homologous  DNA  pairing  and 
strand  exchange  by  Rad51  with  RPA  competing  for  bind¬ 
ing  sites  on  the  initiating  ssDNA  substrate.  To  do  this, 
we  added  Rad51B-Rad51C  complex  (0.8  pM)  with  Rad51 
(7.5  pM)  and  RPA  ( 1 .5  pM)  during  the  preincubation  with 
ssDNA  (30  pM),  and  then  completed  the  reaction  mix¬ 
ture  by  adding  the  homologous  duplex.  Importantly, 
upon  inclusion  of  the  Rad51B-Rad51C  complex,  signifi¬ 
cantly  higher  amounts  of  the  reaction  products  were 
seen  (Fig.  4C,  panels  II,  III,  and  IV).  In  particular,  the  level 
of  the  nicked  circular  duplex,  product  of  complete  strand 
exchange  (see  Fig.  4A),  was  formed  at  a  significantly 


higher  rate  than  in  the  absence  of  Rad51B-Rad51C  (Fig. 
4C,  panels  II  and  III).  We  also  examined  whether 
amounts  of  Rad51B-Rad51C  below  and  above  that  used 
before  would  lead  to  different  levels  of  homologous  DNA 
pairing  and  strand  exchange.  As  shown  in  Figure  5,  the 
optimal  concentration  of  Rad51B-Rad51C  was  from  0.4 
to  1.0  pM,  and  amounts  of  Rad51B-Rad51C  above  the 
optimal  level  in  fact  led  to  gradual  inhibition  of  the  re¬ 
action  (Fig.  5;  data  not  shown). 

One  possible  explanation  for  the  stimulatory  effect  of 
Rad51B-Rad51C  complex  (Fig.  5)  is  that  this  protein 
complex  promotes  homologous  DNA  pairing  and  strand 
exchange  regardless  of  the  order  of  addition  of  RPA.  To 
test  this  possibility,  we  used  the  same  amount  of 
Rad51B-Rad51C  complex  (0.8  pM)  that  afforded  the 
maximal  restoration  of  DNA  pairing  and  strand  ex¬ 
change  (see  Fig.  5A,B)  in  reactions  wherein  the  protein 
complex  was  (1)  added  with  Rad51  to  the  ssDNA  sub¬ 
strate,  followed  by  RPA;  (2)  added  with  RPA  after  Rad51 
had  already  nucleated  onto  the  ssDNA  substrate;  and  (3) 
added  after  the  ssDNA  had  first  been  incubated  with 
Rad51  and  then  with  RPA.  No  measurable  effect  of  the 
Rad51B-Rad51C  complex  on  the  rate  of  formation  of 
joint  molecules  and  nicked  circular  duplex  was  recorded 
in  any  of  these  experiments  (data  not  shown).  We  also 
tested  whether  the  inclusion  of  Rad51B-Rad51C  com¬ 
plex  would  alter  the  concentration  of  Rad51  needed  for 
optimal  pairing  and  strand  exchange,  determined  previ¬ 
ously  to  be  from  3  to  4  nucleotides  per  Rad5 1  monomer 
(Baumann  and  West  1997,  1999;  Gupta  et  al.  1997;  Sig¬ 
urdsson  et  al.  2001).  However,  Rad51B-Rad51C  did  not 
change  the  concentration  of  Rad51  needed  for  optimal 
reaction  efficiency  (data  not  shown). 

To  examine  whether  the  Rad51B-Rad51C  complex 
can  substitute  for  RPA  in  the  DNA  pairing  and  strand 
exchange  reaction,  we  used  a  range  of  Rad51B-Rad51C 
concentrations  (0.4,  0.8,  1.2,  and  2.0  pM)  with  a  fixed 
concentration  of  Rad51  (7.5  pM)  and  ssDNA  (30  pM) 
without  RPA.  Rad51B-Rad51C  did  not  promote  the 
formation  of  nicked  circular  duplex  (Fig.  6)  even  after 
60  min  of  reaction  (data  not  shown),  showing  that  it 
cannot  substitute  for  RPA,  which  is  highly  effective  in 
enabling  Rad51  to  make  nicked  circular  duplex  (Fig.  4; 
Sigurdsson  et  al.  2001).  Interestingly,  we  observed  an 
increase  in  joint  molecules  at  0.8  and  1.2  pM  of  RadSIB- 
Rad51C  complex  (Fig.  6).  Specifically,  after  30  min,  the 
level  of  DNA  joint  molecules  increased  from  -5%  in 
the  absence  of  Rad51B-Rad51C  to  -10%  upon  the  inclu¬ 
sion  of  1.2  pM  Rad51B-Rad51C.  As  with  the  earlier 
strand  exchange  restoration  experiment  (Fig.  5),  sup¬ 
pression  of  DNA  joint  molecule  formation  was  seen 
at  higher  concentrations  of  the  Rad51B~Rad51C  com¬ 
plex  (Fig.  6A,B;  data  not  shown).  In  other  experiments, 
over  the  range  of  Rad51B-Rad51C  concentration  from 
3  to  45  nucleotides/protein  complex,  we  did  not  de¬ 
tect  any  DNA  joint  molecule  with  the  4>X  substrates, 
regardless  of  whether  RPA  was  present  (data  not 
shown).  These  observations  suggested  that  the  Rad51B- 
Rad51C  complex  is  devoid  of  homologous  DNA  pairing 
activity. 
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Figure  5.  Mediator  activity  as  a  function  of  Rad51B-Rad51C  concentration.  (A)  The  4)X1 74  ssDNA  template  (30  pM  nucleotides)  was 
incubated  with  Rad51  (7.5  pM),  RPA  (1.5  pM),  and  increasing  concentrations  of  Rad51B-Rad51C  (0,  0.6,  0.8,  1.0,  and  1.4  pM  in  lanes 
1-5,  respectively)  for  10  min  before  the  <J>X174  linear  duplex  (15  pM  base  pairs)  was  incorporated  to  complete  the  reaction  mixtures. 
Portions  of  the  reaction  mixtures  were  withdrawn  at  30  min  (panel  I),  60  min  (panel  II),  and  80  min  (panel  III)  and  then  processed  for 
agarose  gel  electrophoresis.  ( B )  The  results  from  A  and  from  two  other  independent  experiments  performed  under  the  same  reaction 
conditions  were  compiled  and  graphed.  Symbols:  results  from  the  30  min  timepoint  (squares),  the  60  min  timepoint  (filled  triangles), 
and  the  80  min  timepoint  (circles).  Panel  I  shows  the  levels  of  nicked  circular  duplex  formed,  and  panel  II  shows  the  amounts  of  total 
reaction  products  (joint  molecules  and  nicked  circular  duplex). 


Discussion 

Paradoxical  effects  of  RPA  on  homologous  DNA 
pairing  and  strand  exchange 

Like  other  members  of  the  RecA/Rad5 1  class  of  recom- 
binases  (Ogawa  et  al.  1993;  Sung  and  Robberson  1995; 
Roca  and  Cox  1997;  Bianco  et  al.  1998),  hRadSl  as¬ 
sembles  onto  ssDNA  to  form  a  nucleoprotein  filament  in 
an  ATP-dependent  manner  (Benson  et  al.  1994).  Exten¬ 
sive  biochemical  studies  with  RecA  have  indicated  that 
the  search  for  DNA  homology,  DNA  joint  formation, 
and  DNA  strand  exchange  all  occur  within  the  confines 
of  the  RecA-ssDNA  nucleoprotein  filament.  The  assem¬ 
bly  of  the  recombinase-ssDNA  nucleoprotein  filament  is 
therefore  the  critical  first  step  in  the  homologous  DNA 
pairing  and  strand  exchange  reaction,  and  is  generally 
referred  to  as  the  presynaptic  phase  of  this  reaction  (Roca 
and  Cox  1997;  Bianco  et  al.  1998;  Sung  et  al.  2000). 

For  RecA  and  yeast  Rad51,  the  assembly  of  the  presyn¬ 
aptic  filament  on  plasmid-length  DNA  molecules  is  de¬ 
pendent  on  the  cognate  single-strand  binding  protein,  E. 
coli  SSB  or  yeast  RPA,  which  acts  to  minimize  the  sec¬ 
ondary  structure  in  the  DNA  template  and  hence  renders 
extension  of  the  nascent  nucleoprotein  filament  facile. 
In  most  experimental  systems,  the  single-strand  DNA 
binding  factor  is  added  subsequent  to  the  recombinase, 
that  is,  after  nucleation  of  the  recombinase  onto  the 


ssDNA  substrate  has  already  commenced.  Interestingly, 
precoating  of  the  ssDNA  template  with  the  single-strand 
binding  protein  (Umezu  et  al.  1993;  Sugiyama  et  al.  1997; 
New  et  al.  1998;  Shinohara  and  Ogawa  1998)  or  coincu¬ 
bation  of  RPA,  Rad51,  and  the  ssDNA  substrate  (Sung 
1997a,b)  results  in  pronounced  suppression  of  the  reac¬ 
tion  efficiency.  We  have  shown  in  the  present  study  that 
the  hRadSl  recombinase  activity  is  similarly  suppressed 
by  RPA  during  the  presynaptic  phase.  Taken  together, 
the  results  indicate  that  the  single-strand  binding  pro¬ 
tein,  while  important  for  secondary  structure  removal  in 
the  ssDNA  template,  can  interfere  with  the  nucleation 
of  the  recombinase  onto  the  DNA  template  and  can  thus 
prevent  the  formation  of  a  contiguous  presynaptic  fila¬ 
ment. 

Mediator  function  in  the  Rad51B-Rad51C  complex 

Exploiting  the  paradoxical  behavior  of  the  single-strand 
DNA  binding  protein  in  the  assembly  of  the  presynaptic 
recombinase  filament,  various  recombination  mediator 
proteins  capable  of  overcoming  the  suppressive  effect  of 
the  single-strand  binding  protein  have  been  identified  in 
prokaryotes  and  yeast  cells  (Umezu  et  al.  1993;  Sung 
1997a,b;  New  et  al.  1998;  Shinohara  and  Ogawa  1998; 
Beernink  and  Morrical  1999).  In  yeast,  two  such  media¬ 
tors — Rad52  and  the  Rad55-Rad57  complex — have  been 
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Figure  6.  Rad51B-Rad51C  stimulates  DNA  joint  formation 
but  does  not  replace  RPA  in  DNA  strand  exchange.  (A)  RadSl 
and  Rad51B-Rad51C  were  used  in  the  homologous  DNA  pairing 
and  strand  exchange  reaction  without  RPA.  The  concentrations 
of  the  reaction  components  were:  Rad51,  7.5  pM;  RadSl B- 
Rad51C,  0.4  to  2  pM,  as  indicated;  ssDNA,  30  pM  nucleotides,* 
linear  duplex,  15  pM  base  pairs.  (6)  Graphic  representation  of 
the  results  from  the  experiment  in  A. 


described.  Rad55  and  Rad57  are  similar  to  RadSIB  and 
Rad51C  in  that  they  too  exhibit  homology  to  RadSl  and 
form  a  stable  stoichiometric  complex  via  direct  interac¬ 
tion  (Sung  et  al.  2000).  Importantly,  both  Rad51B- 
RadSlC  and  Rad55-Rad57  complexes  are  needed  for  the 
assembly  of  RadSl  nuclear  foci  in  response  to  DNA  dam¬ 
aging  treatment  (Gasior  et  al.  1998,  2001;  Takata  et  al. 
2000,  2001),  which  are  thought  to  correspond  to  the  sites 
of  ongoing  DNA  damage  repair. 

We  show  here  that  purified  Rad51B-Rad51C  complex 
has  single-strand  DNA  binding  and  ssDNA-stimulated 
ATPase  activities.  Importantly,  Rad51B-Rad51C  can 
promote  the  Rad51 -mediated  homologous  DNA  pairing 
and  strand  exchange  reaction  under  conditions  wherein 
Rad51  must  contend  with  the  competition  by  RPA  for 
binding  sites  on  the  initiating  ssDNA  substrate.  In  addi¬ 
tion,  DNA  joint  formation  by  Rad51  in  the  absence  of 
RPA  is  also  enhanced  by  RadSIB-RadSIC.  We  asked 
whether  Rad51B-Rad51C  could  stimulate  the  rate  of 
DNA  pairing  and  strand  exchange,  but  did  not  uncover  a 
postsynaptic  role  (Roca  and  Cox  1997;  Bianco  et  al.  1998; 
Sung  et  al.  2000)  in  this  protein  complex.  RadSlB- 
RadSlC  complex  did  not  pair  the  <[>X  DNA  substrates 
used,  nor  did  it  lower  the  concentration  of  Rad51  needed 
to  attain  optimal  reaction  efficiency.  Thus,  the  results  of 


our  study  suggest  a  specific  role  of  Rad51B-Rad51C  in 
promoting  the  assembly  of  the  presynaptic  Rad51  fila¬ 
ment,  identifying  it  as  a  mediator  of  recombination,  in  a 
manner  analogous  to  what  has  been  described  for  the 
yeast  Rad55-Rad57  complex  (Sung  et  al.  2000).  Given 
that  both  RadSIB  and  RadSIC  are  indispensable  for  re¬ 
combination  and  DNA  repair  and  needed  for  the  normal 
assembly  of  Rad51  nuclear  foci  after  DNA  damaging 
treatment,  we  surmise  that  the  Rad51B-Rad51C  media¬ 
tor  function  likely  contributes  to  the  recruitment  of 
hRadS  1  to  sites  of  recombination  and  DNA  damage  re¬ 
pair. 


Role  of  other  RadSl  paralogs  in  recombination  processes 

Aside  from  Rad51B  and  RadSIC,  three  additional  RadSl 
paralogs,  namely,  XRCC2,  XRCC3,  and  RadSID,  have 
been  described  (Thompson  and  Schild  2001).  XRCC3  and 
RadSIC  also  form  a  stable  complex  that  has  DNA  bind¬ 
ing  activity  (Kurumizaka  et  al.  2001;  Masson  et  al.  2001). 
Rad51D  (also  called  Rad51L3)  has  DNA  binding  and 
ssDNA-stimulated  ATPase  activities,  and  it  forms  a 
stable  complex  with  XRCC2  (Braybrooke  et  al.  2000). 
Whether  the  XRCC2-Rad51D  and  XRCC3-Rad51C 
complexes  also  have  a  recombination  mediator  function 
remains  to  be  determined.  However,  that  the  formation 
of  DNA  damage-induced  Rad5 1  nuclear  foci  is  impaired 
in  mutants  of  all  five  of  the  Rad51  paralogs  would 
seem  to  suggest  that  they  all  play  a  role  in  the  delivery 
of  Rad51  to  DNA  lesions  in  vivo.  It  thus  seems  pos¬ 
sible  that  some  combination  of  complexes  of  the  Rad51 
paralogs  could  have  an  enhanced  mediator  function  in 
the  RadSl -catalyzed  homologous  DNA  pairing  and 
strand  exchange  reaction.  In  fact,  our  observation  that 
Rad51B-Rad51C  only  partially  overcomes  the  suppres¬ 
sive  effect  of  RPA  is  consistent  with  such  a  scenario. 
It  remains  to  be  seen  whether  the  other  two  RadSl 
paralog  pairs,  either  by  themselves  or  in  combination 
with  each  other  and  with  Rad51B-Rad51C,  may  also 
function  in  the  postsynaptic  phase  of  the  pairing 
and  strand  exchange  reaction  by  enhancing  the  effi¬ 
ciency  of  DNA  joint  formation  and  promoting  DNA 
branch  migration. 


Materials  and  methods 

Antibodies 

Rad51B  protein  was  expressed  in  E.  coli  BL21  (DE3)  using  the  T7 
promoter  in  the  vector  pETlla.  The  insoluble  RadSIB  protein 
was  purified  by  preparative  SDS-PAGE,  dialyzed  into  phos¬ 
phate-buffered  saline  (10  mM  NaH2P04  at  pH  7.2,  150  mM 
NaCl),  and  then  used  as  antigen  for  production  of  antisera  in 
rabbits.  A  GST-Rad51C  fusion  protein  was  expressed  in  E.  coli 
BL21  (DE3)  using  the  vector  pGEX-2T.  The  GST-Rad51C  fusion 
protein  is  also  insoluble  and  was  purified  for  antibody  produc¬ 
tion  in  rabbits  as  described  for  Rad51B.  The  antigens  were  co¬ 
valently  conjugated  to  cyanogen  bromide  activated  Sepharose 
4B  (Pharmacia-LKB)  for  use  as  affinity  matrices  to  purify  mono- 
specific  antibodies  from  rabbit  antisera  (Sung  et  al.  1987). 
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DNA  substrates 

<j)X174  viral  (+)  strand  was  purchased  from  New  England  Bio¬ 
labs,  and  the  4>X174  replicative  form  I  DNA  was  from  GIBCO 
BRL.  The  replicative  form  I  DNA  was  linearized  with  ApalA.  All 
of  the  DNA  substrates  were  stored  in  TE  (10  mM  Tris-HCl  at 
pH  7.5,  0.5  mM  EDTA). 


Fractionation  of  HeLa  cell  extract 

To  make  extract,  10.4  g  of  HeLa  S3  cells  (National  Cell  Culture 
Center)  was  suspended  in  15  mL  of  cell  breakage  buffer  (50  mM 
Tris/HCl  at  pH  7.5,  2  mM  EDTA,  10%  sucrose,  100  mM  KC1,  1 
mM  dithiothreitol  and  the  following  protease  inhibitors:  apro- 
tinin,  chymostatin,  leupeptin,  pepstatin,  all  at  3  pg/mL,  and  1 
mM  phenylmethylsulfonyl  fluoride)  and  passed  through  a 
French  Press  at  20,000  psi.  After  centrifugation  (100,000g  for  1 
h),  the  clarified  extract  (20  mL)  was  loaded  onto  a  column  of 
Q-Sepharose  (4  mL),  which  was  fractionated  with  a  45  mL  gra¬ 
dient  of  KC1  from  100  to  600  mM  in  K  buffer  (20  mM  KH2P04 
at  pH  7.4,  0.5  mM  EDTA,  1  mM  DTT,  and  10%  glycerol)  col¬ 
lecting  30  fractions.  To  identify  the  RadSIB  and  Rad51C  pro¬ 
teins,  the  Q-Sepharose  fractions  (8  pL)  were  subjected  to  immu- 
noblot  analyses  with  anti-Rad51B  and  anti-Rad51C  antibodies 
after  SDS-PAGE  in  1 1  %  gels. 


Expression  of  Rad51B  and  Rad51C  in  yeast  cells 

The  RADSIB  gene  was  placed  under  the  control  of  the  GAL- 
PGK  promoter  in  vector  pPM231  (2p,  GAL-PGK,  LEU2d )  to 
yield  pRad51B.l  [2p,  GAL  -PGK-RAD5 1 B,  LEU  2d)  and  RAD51C 
were  placed  under  the  control  of  the  PGK  promoter  in  vector 
pPM255  [2p,  PGK,  URA3 )  to  yield  pRad51C.l  (2p,  PGK- 
RAD51C,  URA3).  The  empty  expression  vector,  pR51B.l,  and 
pRSIC.l  were  introduced  into  the  protease-deficient  yeast 
strain  BJ5464  [MATa,  ura3-52,  trp-l,  leu2Al,  his3A200, 
pep4'.'HIS3,  prbA1.6R).  Induction  of  RadSIB  and  RadSIC  fol¬ 
lowed  the  protocol  of  Petukhova  et  al.  (2000).  Extracts  (2  mL  of 
buffer  per  gram  of  yeast  cells)  were  prepared  using  a  French  press 
and  clarified  by  centrifugation,  as  described  above. 


Purification  of  the  Rad51B-Rad51C  complex 

Six-histidine  (6His)-tagged  Rad51B  and  untagged  Rad51C  recom¬ 
binant  baculoviruses  were  constructed  by  cloning  the  cDNAs  for 
these  proteins  into  the  baculovirus  transfer  vector  pVL1393  (In- 
vitrogen).  Amplification  of  the  recombinant  viruses  was  carried 
out  in  Sf9  cells  and  for  protein  expression,  High-Five  insect  cells 
(Invitrogen)  were  infected  with  the  6His-tagged  RadSIB  and 
Rad51C  baculoviruses  at  an  MOI  of  5.  The  insect  cells  were  har¬ 
vested  36-48  h  postinfection.  For  the  purification  of  the  Rad51B- 
RadSlC  complex,  High -Five  cells  were  coinfected  with  the 
Rad5  IB  and  Rad5 1 C  baculoviruses  at  an  MOI  of  5  for  both  viruses. 
The  insect  cells  were  harvested  36-48  h  postinfection. 

All  the  protein  purification  steps  were  carried  out  at  0  to  4°C. 
Cell  lysate  was  prepared  from  1  L  of  insect  cell  culture  (15  g) 
using  a  French  press  in  60  mL  of  cell  breakage  buffer.  The  lysate 
was  clarified  by  centrifugation  (100,000g  for  1  h)  and  the  super¬ 
natant  was  applied  on  a  10  mL  SP-Sepharose  column.  The  flow¬ 
through  from  SP-Sepharose  was  then  fractionated  in  a  column 
of  Q-Sepharose  (10  mL  of  matrix)  with  a  30  mL,  100  to  600  mM 
KC1  gradient  in  buffer  K.  Rad51B-Rad51C  eluted  from  200-300 
mM  KC1,  and  the  peak  fractions  were  pooled  and  mixed  with  0.6 
mL  of  Ni-NTA  agarose  for  2  h,  followed  by  fractionation  with  a 
15  mL,  0  to  250  mM  imidazole  in  buffer  K.  The  Rad51B-Rad51C 


peak  fractions  were  pooled  and  further  fractionated  in  a  column 
of  Macro-hydroxyapatite  (0.5  mL  matrix)  with  a  15  mL,  0  to  180 
mM  KH2P04  gradient  in  buffer  K.  The  peak  fractions  were 
pooled  and  dialyzed  against  buffer  K  with  50  mM  KC1  and  ap¬ 
plied  onto  a  Mono  Q  column  (HR5/5),  which  was  developed 
with  a  15  mL  gradient  from  100  to  800  mM  KC1  in  buffer  K. 
Rad51B-Rad51C  from  the  Mono  Q  step  was  concentrated  in  a 
Centricon-30  microconcentrator  to  2  mg/mL  and  stored  at 
-70°C. 

Immunoprecipitation 

Affinity-purified  anti-Rad51B,  anti-Rad51C,  and  anti-ySrs2  an¬ 
tibodies,  1 .0  mg  each,  were  coupled  to  300  pL  protein  A  agarose 
beads  as  described  previously  (Sung  1997a).  In  Figure  1C,  0.3  mL 
of  the  Q-Sepharose  pool  (fractions  8  to  16)  containing  the 
Rad51B-Rad51C  peak  was  mixed  with  10  pL  of  protein  A  beads 
containing  anti-Rad51B,  anti-Rad51C,  or  anti-ySrs2  antibodies 
at  4°C  for  5  h.  The  beads  were  washed  twice  with  200  pL  of 
buffer  K  containing  1  M  KCl  and  once  with  200  pL  of  buffer  K, 
before  being  eluted  with  20  pL  of  2%  SDS  at  37°C  for  10  min. 
The  SDS  eluates,  2  pL  each,  were  analyzed  by  immunoblotting 
to  reveal  their  content  of  RadSIB  and  RadSIC. 

Affinity  binding  of  the  RadSIB-RadSIC  complex 
to  nickel-NTA  agarose 

Extract  from  0.5  mL  packed  cell  volume  of  High-Five  insect 
cells  harboring  either  the  six-histidine-tagged  RadSIB  or 
Rad51C  recombinant  baculovirus  was  prepared  as  described 
above,  using  3  mL  of  cell  breakage  buffer.  After  ultracentrifu¬ 
gation  (100,000g  for  1  h),  0.25  mL  of  the  RadSIB  and  Rad51C 
containing  extracts  were  mixed  either  with  each  other  or  with 
0.25  mL  of  extract  from  insect  cells  that  did  not  contain 
any  recombinant  baculovirus.  After  incubation  on  ice  for  1  h, 
the  various  mixtures  were  subjected  to  ultracentrifugation 
(100,000g  for  lh),  and  then  rocked  gently  with  50  pL  of 
nickel-NTA  agarose  beads  (QIAGEN)  at  4°C  for  3  h.  The  beads 
were  washed  sequentially  with  0.2  mL  of  10  mM  and  20  mM 
imidazole,  and  then  with  0.1  mL  of  150  mM  imidazole.  The 
starting  fractions,  supernatants  after  nickel-binding,  and  the 
three  imidazole  washes,  5  pL  each,  were  subjected  to  im- 
munoblot  analysis  to  determine  their  content  of  Rad51B  and 
RadSIC. 

Other  recombination  proteins 

Human  Rad51  (hRad51  Lys313)  was  expressed  in  and  purified 
from  E.  coli  as  described  (Sigurdsson  et  al.  2001).  Human  RPA 
was  purified  from  E.  coli  cells  transformed  with  a  plasmid  that 
co-overexpresses  the  three  subunits  of  this  factor  (Henricksen  et 
al.  1994),  as  described  (Sigurdsson  et  al.  2001).  Both  hRad51  and 
hRPA  were  nearly  homogeneous. 

Homologous  DNA  pairing  and  strand  exchange  reactions 

All  the  reaction  steps  were  carried  out  at  37°C.  The  reaction 
buffer  was  40  mM  Tris-HCl  (pH  7.8),  2  mM  ATP,  1  mM  MgCl2, 
and  1  mM  DTT,  and  contained  an  ATP  regenerating  system 
consisting  of  8  mM  creatine  phosphate  and  28  pg/mL  creatine 
kinase.  The  standard  reaction  had  a  final  volume  of  12.5  pL,  and 
was  assembled  by  first  incubating  hRadSl  (7.5  pM)  added  in  0.5 
pL  of  storage  buffer  and  <f>X174  viral  (+)  strand  (30  pM  nucleo¬ 
tides)  added  in  1  pL  for  5  min.  After  this,  hRPA  (1.5  pM)  in  0.5 
pL  of  storage  buffer  was  added  and  following  a  5  min  incubation, 
1 .25  pL  of  ammonium  sulfate  ( 1  M  stock,  final  concentration  of 
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100  mM|  was  incorporated.  Immediately  afterward,  linear 
<f>XX  74  replicative  form  I  DNA  (15  pM  base  pairs)  in  1  pL  was 
added  to  complete  the  reaction.  At  the  indicated  times,  5  pL 
portions  were  withdrawn,  mixed  with  7.5  pL  of  0.8%  SDS  and 
800  pg/mL  proteinase  K,  incubated  for  15  min  at  37°C,  before 
being  run  in  0.9%  agarose  gels  in  TAE  buffer  (40  mM  Tris  ac¬ 
etate  at  pH  7.4,  0.5  mM  EDTA).  The  gels  were  stained  in  ethid- 
ium  bromide  (2  pg/mL  in  H20)  for  1  h,  destained  for  12  to  18  h 
in  a  large  volume  of  water  at  4°C,  and  then  subjected  to  image 
analysis  in  a  NucleoTech  gel  documentation  station  equip¬ 
ped  with  a  CCD  camera.  In  some  experiments,  the  reaction  was 
scaled  up  appropriately  to  accommodate  the  increased  number 
of  timepoints  used.  In  Figure  4B,  panel  II,  storage  buffer  was 
added  instead  of  RPA,  but  otherwise  the  reaction  was  assembled 
in  exactly  the  same  manner  as  the  standard  reaction.  In  Figure 
5A,  panel  I,  Rad51  and  RPA  were  added  together  to  ssDNA 
at  the  beginning  of  the  reaction  and  incubated  for  10  min 
with  the  latter,  but  otherwise  the  additions  of  the  ammonium 
sulfate  and  linear  4>X  duplex  followed  the  procedure  described 
for  the  standard  reaction.  In  Figure  5A,  panel  II  and  in  Figure  5B, 
RadSl,  RPA,  and  the  indicated  amounts  of  Rad51B-Rad51C 
were  incubated  with  the  ssDNA  for  10  min,  but  otherwise 
the  additions  of  the  ammonium  sulfate  and  linear  <J>X  duplex 
followed  the  procedure  described  for  the  standard  reaction.  In 
Figure  6,  RadSl  and  the  indicated  amounts  of  RadSl B- 
RadSlC  were  incubated  with  the  ssDNA  for  10  min,  but 
otherwise  the  additions  of  the  ammonium  sulfate  and  linear 
4>X  duplex  followed  the  procedure  described  for  the  standard 
reaction. 


DNA  mobility  shift  and  ATPase  assays 

The  indicated  amounts  of  Rad51B-Rad51C  complex  were  incu¬ 
bated  with  4>X  ssDNA  (12  pM  nucleotides),  dsDNA  (4  pM  base 
pairs),  or  both  ssDNA  (12  pM  nucleotides)  and  dsDNA  (4  pM 
base  pairs)  in  reaction  buffer  (50  mM  Tris-HCl  at  pH  7.8,  1  mM 
DTT,  100  pg/mL  BSA,  1  mM  MgCl2,  1  mM  ATP,  and  100  mM 
KC1)  for  10  min  at  37°C.  After  electrophoresis  in  0.9%  agarose 
gels  in  TAE  buffer  at  4°C,  the  gels  were  stained  in  ethidium 
bromide  (2  pg/mL  in  H20)  for  1  h  and  destained  at  4°C  for  12  to 
18  h,  before  being  subjected  to  image  analysis  in  the  gel  docu¬ 
mentation  station. 

Rad51B-Rad51C  (1.8  pM)  was  incubated  in  the  absence  or 
presence  of  ssDNA  (20  pM  nucleotides)  or  dsDNA  (20  pM  base 
pairs)  in  10  pL  of  reaction  buffer  (50  mM  Tris-HCl  at  pH  7.8,  1 
mM  DTT,  1  mM  MgCl2)  containing  1  mM  [y-32P]ATP  for  the 
indicated  times  at  37°C.  The  level  of  ATP  hydrolysis  was  de¬ 
termined  by  thin  layer  chromatography  as  described  previously 
(Petukhova  et  al.  2000). 
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